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COMBINED CONJUGATE AND PUPIL ADAPTIVE OPTICS 
IN WIDEFIELD MICROSCOPY 
DEVIN R. BEAULIEU 
ABSTRACT 
Traditionally, adaptive optics (AO) systems for microscopy have focused on AO 
at the pupil plane, however this produces poor performance in samples with both 
spatially-variant aberrations, such as non-flat sample interfaces, and spatially-invariant 
aberrations, such as spherical aberration due to a difference between the sample index of 
refraction and the sample for which the objective was designed. Here, we demonstrate 
well-corrected, wide field-of-view (FOV) microscopy by simultaneously correcting the 
two types of aberrations using two AO loops. Such an approach is necessary in wide-field 
applications where both types of aberration may be present, as each AO loop can only 
fully correct one type of aberration. Wide FOV corrections are demonstrated in a trans-
illumination microscope equipped with two deformable mirrors (DMs), using a 
partitioned aperture wavefront (PAW) sensor to directly control the DM conjugated to the 
sample interface and a sensor-less genetic algorithm to control the DM conjugated to the 
objective’s pupil. 
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INTRODUCTION 
Sample- and environment-induced aberrations can be a limiting factor for image 
quality when imaging subsurface structures through index-varying media with a 
microscope; a problem which can be mitigated through the use of AO. Originally 
developed for astronomical applications to remove the aberrating effects of atmospheric 
turbulence (Roddier, 1981), there is significant interest in applying AO to microscopy. 
Microscopes operate under a different set of conditions and aberrations compared to 
astronomy, which has necessitated new techniques and perspectives to be developed. 
Most prior work in microscope AO has used a DM located in the pupil plane (see 
Figure 1). This is likely because of the relative ease of implementing pupil AO, but 
assumes the aberration uniformly affects all points in the image. Such spatially-invariant 
aberrations can be compensated by controlling the wavefront at the pupil, and that 
correction will be the same for all object points in the microscope FOV. In microscopy, 
however, aberrations are commonly induced by the sample itself, and such aberrations 
are generally spatially variant; at the pupil, each point from the object will have its 
wavefront distorted in a different way. Consequently, pupil AO can only correct such 
aberrations over a narrow FOV. 
 
Figure 1: Diagram illustrating the pupil and conjugate planes in a microscope. 
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Our recent work has demonstrated the advantage of performing AO in a plane 
conjugate to this spatially variant aberrating plane, in order to correct such aberrations 
over a wide FOV (Mertz, et al., 2015). Spatially variant aberrations can be caused by, for 
example, samples with uneven interfaces. In such cases, pupil AO will be able to correct 
a local area, but this correction will not work elsewhere in the image where the aberration 
is different. By instead placing a DM conjugate to the surface, one can correct the 
aberration over the entire FOV. 
Unfortunately, the surface-correction capability of conjugate AO comes at the 
cost of being able to fully correct spatially-invariant aberrations. One common source of 
a spatially-invariant aberration in microscopy is spherical aberration caused by index 
mismatch induced from looking through a uniform but thick sample of different index 
than the surrounding media (or through a medium that is not matched to the design index 
of refraction for the objective.) These aberrations are more pronounced for microscopic 
imaging with large numerical aperture, affecting image quality through a combination of 
blur and loss of contrast. Here pupil AO is necessary, as the aberration in the pupil plane 
is common to all imaging paths. 
This leads to a trade-space in microscope design, where the ideal AO setup 
(including number of DMs/SLMs (spatial light modulators), their location, and control 
mechanisms) depends on the aberrating characteristics of samples of interest. For 
example, it is possible to envision a thick sample with a surface aberration (or any other 
combination of spatially variant and invariant aberrations), which neither conjugate nor 
pupil AO can correct alone. There have also been proposals for the use of multi-
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conjugate adaptive optics (MCAO), targeting samples with multiple or volumetric 
aberrations rather than a single thin surface, although the benefits of such a system will 
not be addressed here. 
The scope of this work is focused on understanding the use and limitations of 
pupil and conjugate corrections of both spatially variant and invariant aberrations in 
widefield microscopy. This includes characterization of the theoretical field of view for 
each case, demonstration of practical methods to implement such AO techniques in a real 
widefield microscope, and experimental results exploring the predicted correction 
limitations. For conjugate DM control, this involved the use of a Partitioned Aperture 
Wavefront (PAW) sensor, which had not been previously used in AO but has several 
advantages for video-rate AO in widefield microscopy. Pupil control was performed with 
an iterative image-based genetic algorithm control technique. When brought together, the 
pupil and conjugate techniques will be shown to provide a superior image than either 
achieved separately. 
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BACKGROUND 
Development of Microscope Adaptive Optics 
In many biological imaging applications, the achievable resolution is often limited 
not by the microscope optics but by aberrations introduced from the samples themselves 
– particularly when looking deep into the sample. These aberrations are caused by 
variations in the index of refraction bending the light as it propagates; the deeper one 
looks the more blur and distortion will accumulate. Beginning in the 2000’s, researchers 
started applying adaptive optics techniques to this problem, using wavefront controllers 
to reverse the aberrating effects. Such techniques allow clear imaging much deeper than 
previously possible, up to hundreds of micrometers, after which scattering becomes the 
dominant imaging limitation and additional techniques must be applied. (Booth, 2014) 
Early proposals investigated correction of refractive-index mismatch in confocal 
and two-photon microscopes (Booth, et al., 1998), with the first experiments using 
fluorescent beads to show the improvement in axial resolution with AO (Figure 2.) These 
results show how the deeper bead is significantly aberrated by index mismatch compared 
to the shallow bead, but resolution is restored when the correcting Spatial Light 
Modulator (SLM) is enabled. Research progressed from here, filling out the theory 
(Booth & Wilson, 2001) and evolving the AO techniques and control methods. 
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Figure 2: Early microscopy AO experiment. Top image shows a diagram of the setup, 
bottom images show results for a shallow bead (A), deep bead (B), and a deep bead with AO 
correction (C). (Neil, et al., 2000) 
Correction Plane 
As microscopy AO has matured, issues with the original techniques have been 
uncovered. The traditional place to put the correcting optics has been in the pupil plane. 
This works by applying the same correction to every point in the image, which works 
well under the assumption that the aberrations are spatially invariant. However, in the 
biological case this is not likely to be a very good general assumption, and leads to only 
being able to correct a relatively small spot at a time. More recently, there has been 
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interest in putting the correction optics in a plane conjugate to the aberration, a technique 
originally developed by astronomers to cancel atmospheric layers. 
The advantage of conjugate AO is that for thin phase aberrations, correction of the 
entire image can be achieved, solving the field of view issue. There have been many 
numerical and computational analyses exploring this alternate conjugate method, 
including the use of multiple DMs to correct spatially thick aberrations, with promising 
results (Wu & Meng, 2015) (Simmonds & Booth, 2013). However, adaptation into actual 
microscopes for experimental demonstration has been slow to occur, leaving many 
practical implementation issues unresolved. 
The first microscopy demonstrations of conjugate AO were accomplished using a 
two photon illumination setup (Paudel, et al., 2015). Two photon microscopy works by 
illuminating with light of double the wavelength (half the energy) a fluorescent particle 
can absorb; if the excitation photon flux is high enough, a two photon absorption event 
can occur, and the fluorescent particle will subsequently emit a single photon of half the 
wavelength. This approach has several advantages for microscopy, such as better 
penetration depth, but the high flux required typically means a spot must be scanned 
across the sample to create an image. 
Here aberration correction plays a double role. The ideal illumination light is 
“aberrated” by the conjugate DM, such that after passing through the aberrations of the 
sample, the phase-front is restored and the light can be tightly focused for maximum flux. 
Then, after the emitted light passes back through aberrations on the way out, the same 
DM shape will provide the appropriate correction to correct the returning light as well. 
		
7 
This conjugate correction was confirmed to provide huge advantages to field of view, as 
shown in Figure 3, and was effective over relatively large axial translations of the 
conjugate plane. 
 
Figure 3: 1 µm fluorescent beads with no AO (a), conjugate AO (b), and pupil AO (c). 	
These results strongly support the motivation for using conjugate AO for 
spatially-variant surface aberrations, but the AO control techniques used in a scanning 
two photon system cannot be directly applied to widefield microscopy. For widefield it is 
not feasible or desirable to illuminate a single point for optimization, and so some other 
mechanism must be used to find the correction. 
Control Scheme 
Another area of continued development for AO in microscopy has been the 
control mechanisms. This is a key aspect of performing AO, as the correction element is 
useless if there is no way to identify the phase it should apply to achieve the best image. 
There are several methods which have been used for this task, broadly grouped into 
techniques with and without wave-front sensors. 
Sensorless AO can be performed by searching for the shape which optimizes 
some metric in the resulting image. This works very well for point sources, particularly in 
two-photon microscopy where simply maximizing the peak image intensity is sufficient. 
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This is because the better the correction, the more tightly focused (and thus brighter) both 
the excitation area and imaging spot will be. For wide-field, what makes a good metric is 
less clear, as the object will contain light and dark areas which should remain light and 
dark in the image. In the case of pupil AO, contrast can be effective as this is associated 
with making dark areas as dark as possible, and bright areas as bright as possible 
(alternatively this can be thought of as making the smallest point spread function (PSF) 
and minimizing blur to get the best image.) However, this is not as effective for conjugate 
AO, which can introduce distortions that shift the light around the image, increasing 
contrast but damaging the result. Consequently, a wave-front sensor will be necessary for 
conjugate wide-field corrections. 
In addition to the optimization metric, another key part of sensorless operation is 
the algorithm used to iterate through DM shapes to find the one which works best. There 
are many approaches, with various advantages and disadvantages, however, they are 
necessarily somewhat inefficient, requiring many iterations (on the order of hundreds, 
scaling with the number of DM pixels) to find the ideal correction. One example is to 
iterate through an orthogonal basis set such as the Hadamard basis, searching for the best 
amplitude of each component. This is a direct approach which works with few iterations, 
but the intermediate results are generally not very useful corrections. This technique can 
also require extra passes for continuous DMs, where the actuator coupling interferes with 
the assumed orthogonality of the bases. Another approach is to use a genetic algorithm, 
with something like the Zernike basis as inputs. This has the advantage of generally 
monotonically approaching the correct answer as it iterates but can require more 
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iterations. 
Using a wavefront sensor to control the adaptive optics is a more direct solution, 
simply taking measurement of the phase in the desired plane. This can then be used for 
efficient closed loop control, driving the phase front to whatever shape is needed within 
just a few iterations (or even just one, if the DM response is well characterized.) This also 
avoids any issues with non-linear responses from the DM associated with open loop 
control. The drawback being that inclusion of a wavefront sensor can add complexity to 
the system. The most traditional wavefront sensing approach would be to use a Shack-
Hartmann, which works well in many circumstances, but requires a point source to 
operate. As this is not the case in wide-field imaging, this method cannot be used, 
however, a Partitioned Aperture Wavefront sensor works well. The details of 
implementing such a sensor, and how to use it for controlling a conjugate DM, will be 
covered in the following chapters. 
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THEORY 
Correction of Pupil Plane Aberrations 
Pure pupil plane aberrations, such as is caused by index mismatch, are spatially 
invariant over the image plane. Figure 4 below illustrates how this occurs, using index 
mismatch as an example. The source rays (blue) are refracted (solid red) when they 
encounter the flat surface boundary between mismatched indexes, and no longer focus to 
a point (dashed red.) This has the same effect on the rays no matter the location in the 
image plane, making it spatially invariant. It does however depend on the angle, meaning 
it can be corrected from the pupil plane, where the range of angles are mapped to a range 
of positions in the pupil, with an identical mapping for all points in the object. 
 
Figure 4: Diagram of aberration induced by index mismatch. 
The consequence of this is that spatially-invariant corrections can be compensated 
fully by a pupil DM, up to the spatial frequency and amplitude of surfaces the DM is 
capable of forming. The DM must simply assume a shape that corrects the pupil 
wavefront (converse shape at half amplitude) and the aberration will be compensated. 
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This is demonstrated in Figure 5 using a numerical Fourier optics approach (Voelz, 
2011). Taking the Fourier transform of a pupil (and applying some scaling factors) will 
give the diffraction limited point spread function (PSF) on the image plane. If the 
aberration is applied to the phase of the pupil plane before performing the transform, the 
effect will be revealed as a degraded PSF. By simulating the response of a DM, and using 
it to compensate the aberration, a corrected PSF can be obtained. In the case of pupil AO, 
the corrected PSF is nearly identical to the diffraction limited case, held back only by the 
residual errors in the DM shape. 
 
Figure 5: Computational Fourier optics demonstration of correction of index mismatch 
with pupil AO. 
For simulation purposes the DM itself is modeled as an NxN array of pixels 
(12x12 in the example), with one period of a 2D cosine function representing the 
response of each pixel, and with each pixel overlapping its neighbors (representing some 
degree of inter-actuator coupling.) This does not account for the non-linear behavior of a 
real DM, but allows creation of a representative set of shapes. 
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Conjugate corrections of pupil aberrations on the other hand, are not as simple to 
characterize. The aberration is spatially invariant over the image, but each spot in the 
image projects light on to a different area, so the correction applied is spatially-varying, 
as is depicted in Figure 6. This means it is only possible to correct a limited field of view, 
which is a big limitation for wide-field imaging. 
 
Figure 6: Projection (blue) of point in image onto conjugate DM surface (orange). 
The correction field of view can be considered intuitively by looking at the 
projection area of a point source onto the DM. A nearby spot would project to a nearby, 
partially overlapping, region on the DM. Due to the partial overlap, it will be impossible 
to apply the same correction to both spots as required for a spatially invariant aberration. 
However, if the spots are close enough, and the spatial period of the correction is large 
enough, the neighboring spot will see nearly the same correction and a partial correction 
can be achieved over some limited field of view. 
It is possible to numerically characterize the expected field of view, again using 
the Fourier optics simulation. To apply the correction effect of a conjugate DM to the 
aberrated PSF, the field must first be propagated to the conjugate plane. This can be done 
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with the use of the Rayleigh-Sommerfeld equations, the result of which is shown in 
Figure 7 for a range of axial distances. Once at the conjugate plane, the correction phase 
of the DM is applied, then the field is propagated back to the image plane. After 
reapplying the pupil function, the resulting PSF reveals the quality of the correction. 
 
Figure 7: Propagated field amplitude. Parameters were 300 µm thickness of glass (n = 1.5) 
vs air (n = 1) and a 20x 0.45 NA objective. 
The final step is to test the field of view. This is done by shifting the aberrated 
PSF before propagating and applying the DM correction. The maximum amplitude of the 
corrected PSF indicates the quality of the correction, and naturally should degrade the 
further it is shifted from the targeted correction spot. Figure 8 shows the results of this for 
a range of parameters, indicating the field of view over which the Strehl ratio (corrected 
PSF peak amplitude normalized by unaberrated PSF peak amplitude) is greater than 0.8. 
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Figure 8: Field of view for conjugate correction of index mismatch. 
There are some important takeaways from this result, which give good intuition 
for how well a conjugate DM can correct pupil aberrations. Firstly, the DM is less 
effective when positioned close to the image plane, and a complete correction cannot be 
accomplished. Once out of this region, the field of view increases approximately linearly 
with DM height; this makes sense, as the spot size on the DM (and therefore the spatial 
period of the correction) is also growing linearly. Finally, for index mismatch the field of 
view is inversely related with NA, an effect caused by the decrease of spatial period of 
the aberration as NA increases. 
To summarize the implications for correcting spatially invariant, pupil AO has an 
advantage because it is able to correct the entire field of view, while the field of view 
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which can be corrected by conjugate AO is limited depending on the spatial period of the 
aberration and axial position of the DM. 
  Correction of Conjugate Plane Aberrations 
Conjugate aberrations, as might be caused by an uneven surface, are spatially-
varying and have the opposite implications for correction. All points in the image see 
different (overlapping) regions of the aberrations, potentially leading to both blur and 
distortion. 
In this case, the corrections are handled perfectly by the conjugate DM (again, up 
to the spatial frequency and amplitude the DM is capable of recreating) as it can simply 
invert the phase introduced by the aberrating surface.  
However, now the pupil DM is at a disadvantage, as it can only apply the same 
correction to all locations in the image, so only one spot can be ideally corrected at a 
time. Much like the inverse case discussed in the previous section, the correction for a 
nearby spot will be similar (due to seeing overlapping regions on the aberration), so there 
will some field of view with a reasonable correction. This has been previously shown 
(Mertz, et al., 2015) to be proportional to the slope of the aberration surface: 
𝐹𝑂𝑉 ≈ 2 𝑙!𝜎! 
Where lϕ is the spatial period of the aberration, and σϕ is the amplitude of the 
phase shift. An experiment demonstrating this effect is shown in Figure 9. 
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Figure 9: Field of view limitation of pupil AO to correct a surface aberration. (Mertz, et al., 
2015) 
 
This clearly demonstrates the importance of where wavefront correctors are 
placed in a microscope if a wide field of view is desired. The field of view issues when 
correcting aberrations with the DM located in an incorrect plane is the motivation for 
using multiple DMs when both spatially variant and invariant aberration, associated with 
significantly different planes, may be present. 
Deformable Mirror Stroke Considerations 
Now that the field of view achievable by each DM placement has been 
characterized, it is necessary to consider the amplitude of aberration a DM with a 
specified stroke will be able to correct. In microscopy, the simplest sample which would 
exhibit both spatially-variant and –invariant aberration would be looking deep into a 
sample with an uneven surface, so this makes for a good example to describe and test. 
The thickness of the sample has an index mismatch, which creates spherical and defocus 
aberrations a pupil DM can correct. The uneven surface causes another aberration, which 
can be corrected by a DM placed in a plane conjugate to the surface. Working together, 
both DMs can theoretically fully correct these aberrations over a wide field of view, 
assuming the amplitude is within the range of the DM. 
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First addressing the pupil correction, the stroke, or amplitude of the surface the 
DM must take, caused by index mismatch is given by (Matsumoto, et al., 2015): 
𝑠 = −𝑑2 1+ 𝛼 𝑛!! − 𝑁𝐴𝜌 ! − 𝑛!! − 𝑁𝐴𝜌 !  
Here, d is the sample thickness, n2 is the sample index, n1 is the surrounding 
index, and α is a factor relating to where the microscope is focused. This can 
approximately be broken into Zernike defocus and spherical aberration components. 
The defocus component can be large (in amplitude) and overwhelm a DM; 
however, this is trivial to solve by changing the hardware focus of the microscope itself 
(adjusting the α parameter above), and so will not necessarily need to be corrected by the 
DM. 
Next, looking at the remaining spherical aberration component (by setting α to 
minimize the maximum amplitude,) gives a family of shapes like the following, revealing 
the range of stroke the DM must have: 
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Figure 10: DM stroke for index mismatch. 300 µm of glass (1.5) vs water (1.333). 
Calculating the stroke for the conjugate aberration is much simpler, and is simply 
half the surface height divided by the difference in indexes: 
𝑠 = ℎ2(𝑛! − 𝑛!) 
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IMPLEMENTATION 
To demonstrate the practicality of the discussed pupil and conjugate techniques 
we built a pair of wide-field trans-illumination microscopes. The first was a single-DM 
microscope used to develop and test the use of conjugate AO with wavefront sensing (Li, 
et al., 2015). Once this work was complete, we rebuilt the microscope with two DMs to 
test the ability of pupil and conjugate AO to work collaboratively (as well as to develop 
techniques for using the wavefront sensor in fluorescent microscopy, but this subject will 
not be covered further here.) The microscope designs for each iteration are shown in 
Figure 11 and Figure 12. 
 
Figure 11: Conjugate microscope diagram. 
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Figure 12: Conjugate and pupil microscope diagram. 
Both designs use two cameras; the first is a science camera to collect images of 
the sample, the second is used for the PAW sensor for measuring phase for the conjugate 
correction. A key aspect in both of these designs is the translating stage. This allows the 
focus of the conjugate DM and PAW sensor to be adjusted without affecting the focus of 
the science camera, and will be discussed in more detail shortly. 
The hardware selected for each microscope is specified in Table 1: 	
 Conjugate Microscope Conjugate & Pupil Microscope 
Illumination Köhler Köhler 
Light Source Red LED (Thorlabs 625 nm) Amber LED (Thorlabs 590 nm) 
Objective Olympus UMPlanFl 20x Olympus XLUMPlanFl 20x 
(Water Immersion) 
Conjugate DM BMC Multi-3.5 BMC Multi-5.5 
Pupil DM n/a BMC Multi-3.5 
Science 
Camera 
Thorlabs DCC1545M QImaging Retiga 2000R 
PAW Camera Photonfocus 
MV1-D2080-160-CL 
pco.edge 4.2 LT 
Table 1: Microscope hardware. 
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The key practical operating parameters for each microscope are given in Table 2. 
Magnification had to be controlled to fit the light beam onto both the DMs and cameras. 
 Conjugate Microscope Conjugate & Pupil Microscope 
Illumination 
NA 
Variable, 0–1.4 Variable, 0–1.4 
Objective NA 0.46 0.95 
Science 
Camera Mag. 
4.6x (2.5 mm) 18x (9 mm) 
PAW Camera 
Magnification 
7x (3.8 mm) 10x (5 mm) 
Pupil DM 
Magnification 
n/a 0.23x (~3.9 mm) 
Conjugate DM 
Magnification 
5.6x (3 mm) 10x (5 mm) 
Field of View 0.54 mm 0.5 mm 
Conjugate 
Focus Range 
0.8 mm 0.5 mm 
Table 2: Microscope parameters. 
Finally, the characteristics of both DMs used are summarized in Table 3. Note 
that the stroke controls the amplitude of aberration which can be corrected, and the pixel 
count defines the (normalized) spatial period which can be corrected. 
 BMC Multi-3.5 BMC Multi-5.5 
Pixel Count 12x12 12x12 
Stroke 3.5 µm 5.5 µm 
Aperture 4.4 mm 4.95 mm 
Surface Continuous Continuous 
Table 3: DM parameters. 
Conjugate Correction 
The conjugate DM is controlled using the PAW sensor to drive the wavefront to 
an unaberrated reference shape. This is complicated by the fact the sensed wavefront is a 
combination of object phase (a pure intensity object, propagated forward to the conjugate 
plane, includes a phase component) and aberration phase. The goal is to isolate the 
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aberration component, so that the aberration can be corrected while leaving the object’s 
phase intact. This entails using the science camera to predict the phase contribution of the 
object and subtracting that from the phase measured by PAW (Li, et al., 2015). 
The other important consideration is physically placing the DM and wavefront 
sensor in a plane conjugate to an aberration of arbitrary axial position. To allow this kind 
of focusing, the entire conjugate DM and PAW system can be physically translated to be 
conjugate to the aberration independently of the science camera focus. There is a 
multiplicative factor here, such that the required physical translation is amplified by the 
magnification squared: 𝑧!" = 𝑀! ∗ 𝑧!"#$!"#$%& 
For the conjugate & pupil microscope with 10x magnification, the stage could be 
translated 50 mm, which corresponds to 0.5 mm translation of focus (this was 25 mm and 
0.8 mm for the conjugate only microscope.) This defines the maximum height of 
aberration plane (excluding the effect of index on path length) which can be handled by 
the microscope. 
Pupil Correction 
In the case of pupil AO it is possible to control the DM in a sensorless mode. The 
best image is associated with the tightest PSF, which will be associated with the highest 
image contrast, thus providing an optimization metric. Any residual error would expand 
the PSF, blurring the image and reducing contrast. As mentioned previously, this is not 
necessarily true of conjugate AO, which can induce distortions which degrade the image 
despite increasing contrast. 
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To control the optimization we use a genetic algorithm based on Zernike shapes 
(Tehrani, et al., 2015). Fifteen input variables, or genes, are used: the amplitudes of the 
4th through 15th Zernike shapes (i.e. excluding piston, tip, and tilt,) pupil x/y position, 
and pupil size. The shape is applied to the DM in an open loop fashion, assuming an 
approximately linear response near the flat map, and then contrast of the science camera 
image is calculated by dividing the standard deviation of the pixels by the mean: 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 = 𝜎𝜇	
After iterating through several generations, the algorithm typically begins 
converging to a solution. 
Aberrations 
To test the correcting power of the adaptive optics, well characterized aberrating 
samples consisting of both spatially variant and invariant components are desirable. To 
induce spherical aberrations, glass coverslips (d = 0.15 mm each, n1 = 1.5) are layered on 
top of an intensity object to induce index mismatch relative to the surrounding media (n2 
= 1 for air, or 1.3 for water) which the objective is designed for. On the top coverslip a 
2D sinusoidal surface aberration is printed using photoresist (n ≈ 1.7) and a mask-writer, 
allowing highly controlled spatial period and consistent amplitude, which were confirmed 
by a white-light interferometer (Zygo NT6000). An example measurement is shown in 
Figure 13. The surface aberrations are thin enough that they effectively act as an ideal 
phase screen. This process allowed good control over both pupil and conjugate 
aberrations for experimentation. 
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Figure 13: Zygo white-light interferometer measurement of an example surface aberration. 
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RESULTS 
Widefield Conjugate AO with PAW 
Our experimental testing proceeded in two stages. The first step was to establish 
the ability of PAW to control a conjugate DM in a widefield microscope and to confirm 
that a wide field of view correction could be achieved. This results of this initial 
demonstration of conjugate AO with PAW using a 1951 USAF resolution test chart can 
be seen in Figure 14 (Li, et al., 2015). 
 
Figure 14: Conjugate correction of 1951 USAF resolution target before (a) and after (b) 
correction, and corresponding zoomed regions (c, d) highlighted in red. 
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The surface aberration, placed 0.5 mm above the object, had a peak to valley 
height of 3.5 µm and spatial period of 300 µm (see previous section for details.) This 
aberration was enough to significantly degrade the image, but was well corrected over the 
field of view once the AO was enabled. The conjugate DM correction was also tested on 
stock biological specimens, with similar results. 
A main advantage of using a wavefront sensor in AO control is the speed of 
correction. The convergence of PAW is shown in Figure 15, with an unaberrated image 
used as a reference for computing normalized RMS error. 
 
Figure 15: Normalized RMS error convergence of conjugate correction using PAW sensor, 
for several feedback gain values. 
As can be seen, with an appropriate gain the correction converges quickly, with 
most of the improvement occurring within the first three or so iterations. This compares 
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very favorably with sensorless approaches, which generally require at least one iteration 
per DM pixel (144 in this case.) 
Combined Conjugate & Pupil AO 
To demonstrate the ability of pupil and conjugate AO to work in tandem, as 
proposed, we again used a 1951 USAF target. To emulate looking into a thick sample 
with a surface aberration, we placed a coverslip with a surface aberration on top of the 
object. Including the coverslip built into the slide, this gave a total of about a 0.3 mm 
thickness of glass, which should require approximately 0.75 µm of stroke on the pupil 
DM (see Figure 10). The surface aberration was measured to have a period of 200 µm 
and amplitude of 13 µm, requiring approximately 2.4 µm on stroke on the conjugate DM 
when immersed in water. 
Shown below are the results of the correction procedure. The initial image is the 
uncorrected, fully aberrated sample. Next, the conjugate AO is enabled to achieve the 
second image. The clarity is significantly improved, with the distortion and much of the 
blur removed. Finally, the pupil AO is enabled giving the last image. This significantly 
improves contrast in the image. 
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Figure 16: Combined conjugate and pupil correction of 1951 USAF resolution target with 
aberrations (a), after conjugate correction (b), and with both pupil and conjugate 
correction. Corresponding zoomed regions (d, e, f) and line cuts (g) are outlined in black. 
The contrast improvement associated with pupil AO is particularly noticeable in 
the line cuts. Here the difference between the peak and valley intensity in the top 
grouping increased by approximately 1.8x when pupil AO was enabled. 
To further quantify the image quality improvements associated with these 
techniques, an Edmund Optics sinusoidal reference target was used to estimate the 
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modulation transfer function (MTF) associated with each level of AO. This target 
consists of a series of grayscale 1D sinusoids of several spatial frequencies. The surface 
aberration used for these tests was measured to have a period of 200 µm and amplitude of 
8 µm, while index-mismatch was again induced using approximately 300 µm of glass. 
An example result with 24 line pairs per mm is shown in Figure 17. Note that the 
conjugate aberration becomes more apparent at higher spatial frequencies. 
 
Figure 17: Images of the sinusoidal reference target with various levels of AO applied. The 
spatial frequency for this image is 24 line pairs per mm. 
For each of these measurement, first conjugate AO is performed using PAW, then 
the genetic algorithm determines the pupil correction (with the conjugate AO left on,) and 
then finally the conjugate DM is flattened to acquire the pupil-only image. This process 
was repeated for each spatial frequency, and plotted in Figure 18. 
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Figure 18: Mean and standard deviation of the MTF over the field of view, as a function of 
target spatial frequency. 
This figure indicates that the combination of pupil and conjugate AO achieves 
superior or equal image quality over a wide range of spatial frequencies versus either 
technique alone. Furthermore, by looking at width of the standard deviation (which is 
calculated based on measurements spread over the field of view,) it is possible to see that 
this correction is effective over a wide area. 
		
31 
DISCUSSION 
We have shown that both pupil and conjugate AO have roles to play in 
microscopy, and that neither is universally sufficient for all aberration types. 
Additionally, we have been able to demonstrate conjugate AO in a widefield microscope 
using a PAW sensor for control. Finally, we have also shown a practical two-DM 
implementation which is able to combine pupil and conjugate techniques to achieve a 
superior image. 
The implication for microscope design is that the ideal AO implementation will 
depend on the kinds of aberration expected in samples of interest and the properties 
desired in corrected images. If only spatially-invariant aberrations are expected pupil AO 
may be sufficient. Conversely, spatially-variant aberrations call for conjugate AO. 
Combined aberrations require corrections in both planes for fully corrected images, and if 
only one DM is available a decision must be made about which aberration type is more 
tolerable for that situation. 
Future Work 
There are many directions to proceed deeper into this area of research. One useful 
avenue would be improving techniques to extend conjugate corrections to fluorescent 
microscopy. While the overall lessons and understanding explained here still apply, this 
kind of illumination is difficult for PAW sensing leaving some issues which have yet to 
be resolved. Another place for further study is demonstrating multi-conjugate in a 
microscope. While this has been studied numerically, and is used in astronomy, actually 
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implementing it in a microscope could be a challenge due to the interacting effects of the 
DMs.
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